The Lamarckian genetic algorithm of AutoDock 3.0 has been used to dock 27 3(S)-amino-2(S)-hydroxyl-4-phenylbutanoic acids (AHPBAs) into the active site of HIV-1 protease (HIVPR). The binding mode was demonstrated in the aspects of the inhibitor's conformation, subsite interaction, and hydrogen bonding. The data of geometrical parameters (τ 1 , τ 2 , and τ 3 listed in Table 2 ) and root mean square deviation values as compared with the known inhibitor, kni272, 28 show that both kinds of inhibitors interact with HIVPR in a very similar way. The r 2 value of 0.860 indicates that the calculated binding free energies correlate well with the inhibitory activities. The structural and energetic differences in inhibitory potencies of AHPBAs were reasonably explored. Using the binding conformations of AHPBAs, consistent and highly predictive 3D-QSAR models were developed by performing CoMFA, CoMSIA, and HQSAR analyses. The reasonable r corss 2 values were 0.613, 0.530, and 0.717 for CoMFA, CoMSIA, and HQSAR models, respectively. The predictive ability of these models was validated by kni272 and a set of nine compounds that were not included in the training set. Mapping these models back to the topology of the active site of HIVPR leads to a better understanding of vital AHPBA-HIVPR interactions. Structural-based investigations and the final 3D-QSAR results provide clear guidelines and accurate activity predictions for novel HIVPR inhibitors.
Introduction
Acquired immunodeficiency syndrome (AIDS) is the first major epidemic caused by human immunodeficiency virus type (HIV), a member of the retroviruses family. 1 Analysis of the nucleotide sequence of HIV-1 genome leads to the discovery that the virus encodes an aspartic protease. 2, 3 Interaction of the HIV-1 protease (HIVPR) by either mutation or chemical inhibition results in the production of immature, noninfectious viral particles; thus, the function of this enzyme is shown to be essential for proper virion assembly and maturation. [4] [5] [6] It is not surprising that HIVPR is identified as the prime target for structure-based drug design, 7, 8 and the importance of HIVPR inhibitors in the treatment of AIDS has been well-established. 9 More recent advances in inhibitor design have focused on structural modification to improve their inhibitory potency and oral bioavailability and to circumvent drug resistances. [10] [11] [12] [13] Despite these successes, it is nearly impossible to treat all of the growing worldwide AIDS population based on currently available drugs, so the need for inexpensive and widely available HIVPR inhibitors still exists.
AHPBA (3(S)-amino-2(S)-hydroxyl-4-phenylbutanoic acid) and its derivatives (AHPBAs), which are the transition state mimics of HIVPR substrates, 14 are totally new lead compounds as inhibitors to HIVPR and have been shown potent inhibitory activity against HIVPR. [15] [16] [17] Some of them also have high anti-HIV activities; compound 20 (Table 1) is the most potent (IC 50 is 0.8 nM and IC 90 CEM/HIV-1 IIIB is 27nM) and has demonstrated good pharmacokinetics in rats. 17 Structure-activity relationships of AHPBAs show that these compounds possess strong potency and good enzyme selectivity. 16 The lipophilic aromatic ring system, which fits into the S 1 hydrophobic pocket of HIVPR, is demonstrated to be very important. 18 The X-ray structure determination together with the molecular dynamic simulations 13, 19 revealed the atomic details of inhibitor-induced conformational changes and also the essential role of structural subunits for the catalytic activity of HIVPR. These structure-based approaches are approved to be valuable for dynamic optimization of inhibitors against HIVPR but could not lead to predictive models for structural modification or new inhibitor designing. Some meaningful clues from QSAR studies on cyclic cyanoguanidines 20 were obtained for the selection of positional substituents according to their physical chemistry properties. Without the investigation about conformation space of inhibitors and their binding mechanism with HIVPR, it remains speculative whether these semiempirical models could be used as practical tools for designing better analogues with superior pharmacokinetic and efficacy profiles. Developing 3D-QSAR models under the guide of information from the catalytic site of enzymes 21 has been proven as one of the more rational methodologies for binding affinity prediction of new inhibitors.
Taking account of the pioneering works in the field of designing and synthesis of HIVPR inhibitors, it becomes fascinating for us to study the inhibitory mechanism of AHPBAs against HIVPR and investigate the three-dimensional quantitative structure-activity relationships (3D-QSAR) of AHPBAs. To the best of our knowledge, there has been no previous effort carried out to seek new insight into the relationship between the structure information and the inhibitory potency of AHPBAs at the level of binding free energy prediction, especially by theoretical methods, such as automated molecular docking, comparative molecular field analysis (CoMFA), 22 comparative molecular similarity analysis (CoMSIA), 23 and hologram quantitative structureactivity relationship (HQSAR) 24 approaches.
The aim of the present research is to demonstrate the common binding mode of AHPBAs with HIVPR and to predict the binding free energies relative to the inhibitory potencies of these compounds. The further important goal is to obtain not only stable and predictive but also fast and convenient QSAR models, which are located at the 3D level about the main intermolecular interactions involved in the HIVPR inhibition.
Computational Details
To test the reliability of the Tripos force field encoded in the Sybyl 6.5 software package, 25 the geometry of the AHPBA structural template (Formula 1) was optimized by an ab initio Hartree-Fock self-consistent field method along with the standard polarized doublebases set (6-31G**). 26 The Tripos force field optimized structure of AHPBAs fit well with the structure derived from the ab initio method. Thus, the initial structures of the 27 AHPBA compounds (Table 1) were built based on the skeleton of Formula 1 and then subjected to minimization using Tripos force field and Gasteiger-Hü ckel charges; 27 a nonbond cutoff of 8 Å was adopted to consider the intramolecular interaction. All of the calculations were performed on a Silicon Graphics Indigo XZR 10 000 workstation.
1. Molecular Docking. The crystal structure of HIVPR in complex with its inhibitor (kni272) was recovered from Brookhaven Protein Database (entry code 1HPX). 28 Missing side chains of the HIVPR 3D structure were added using the fragment library of the Biopolymer module in Sybyl 6.5. 25 The potential of the HIVPR 3D structure was assigned according to Amber 4.0 force field with Kollman-all-atom charges, and it was further checked by the Procheck function in Insight II 29 to correct some unfavorable and ψ values of the amino acids.
For the reason of tackling the interacting mode of AHPBAs with HIVPR, the advanced docking program AutoDock 3.0 30 was used to perform the automated molecular docking. The Lamarckian genetic algorithm (LGA) 30 was applied to deal with the AHPBA-HIVPR interactions. Briefly, the LGA described the relationship between AHPBA and HIVPR by the translation, orientation, and conformation of AHPBA. These so-called "state variables" were the AHPBA's genotype, and the resulting atomic coordinates together with the interaction and the intramolecular energies were the AHPBA's phenotype. The environmental adaptation of AHPBA's phenotype was reverse-transcribed into its genotype and became heritable traits. Each docking cycle, or generation, consisted of a regimen of fitness evaluation, crossover, mutation, and selection. A Solis and Wets local search 31 performed the energy minimization on a user-specified proportion of the population. The docked structures of AHPBAs were generated after a reasonable number of evaluations. The whole docking operation could be stated as follows.
First, the HIVPR molecule was checked for polar hydrogens and partial atomic charges, the PDBQs format file was created, and the atomic solvation parameters were also assigned for this macromolecule.
In the meanwhile, all of the torsion angles of AHPBAs were defined in order to be explored during molecular docking. This allowed the conformational search of AHPBA during the process of docking.
Second, the 3D grid was created by the AutoGrid algorithm 30 to evaluate the interacting energy between the AHPBAs and the HIVPR. In this stage, the HIVPR was embedded in the 3D grid and a probe atom was placed at each grid point. The affinity and electrostatic potential grid were calculated for each type of atom in AHPBA molecules. The energetics of a particular AH-PBA configuration was found by trilinear interpolation of affinity values and electrostatic interaction of the eight grid points surrounding each of the atoms in AHPBA.
Third, a series of the docking parameters were set on. Not only the atom types but also the generations and the number of runs for the LGA algorithm were edited and properly assigned according to the requirement of the Amber force field. The number of generation, energy evaluation, and docking runs was set to 370 000, 1 500 000, and 10, respectively. The kinds of atomic charges were taken as Kollman-all-atom 32 for HIVPR and Gasteiger-Hü ckel 27 for AHPBAs.
Finally, the docked complexes of AHPBAs-HIVPR were selected according to the criteria of interacting energy combined with geometrical matching quality. These complexes were used as the starting conformation for further energetic minimization and geometrical optimization before the final models were achieved.
2. Binding Free Energy Prediction. Typically, three binding energy terms used in the previous versions of AutoDock 33 were included in the score function: the van der Waals interaction represented as a Lennard-Jones 12-6 dispersion/repulsion term, the hydrogen bonding represented as a directional 12-10 term, and the Coulombic electrostatic potential. So, the binding energy of AHPBAs with HIVPR could be simply described as the electrostatic, van der Waals, and hydrogen bonding interaction energy, respectively.
On the basis of the traditional molecular force field model of interaction energy, a new score function at the level of binding free energy was derived and adopted in the version of AutoDock 3.0. 30 Not only the restriction of internal rotors, the global rotation, and translation were modeled depending on the number of torsion angles of the ligand but also the desolvation upon binding and the hydrophobic effect (solvent entropy changes at solute-solvent interfaces) were calculated. The total binding free energy was empirically calibrated based on the above-stated terms and a set of coefficient factors. 30 Thus, the new score function was sufficient to rank the inhibitors in the different levels of binding affinities.
The same rationale was applied to the system of AHPBAs-HIVPR in order to evaluate the binding properties more precisely than the traditional molecular mechanics method did, and the total binding free energy between AHPBAs and HIVPR was calculated according to the algorithm in the AuotDock 3.0 program. 30 3. 3D-QSAR Studies. To more fully explore the specific contributions of electrostatic, steric, and hydrophobic effects in the binding of AHPBAs to HIVPR and to build predictive QSAR models, CoMFA, 22 CoMSIA, 23 and HQSAR 24 studies were performed by using the conformations and their alignment at the binding site of the HIVPR, which resulted from the molecular docking.
3.1. CoMFA. Usually, steric and electrostatic field energies were probed using an sp 3 carbon atom and a +1 net charge atom, respectively. Steric and electrostatic interactions were calculated using a Tripos force field with a distance-dependent dielectric constant at all intersections in a regularly spaced (2 Å) grid. The minimum-σ (column filtering) was set to 2.0 kcal/mol to improve the signal-to-noise ratio by omitting those lattice points whose energy variation was below this threshold. A cutoff of 30 kcal/mol was adopted, and the regression analysis was carried out using the partial least-squares (PLS) method. The final model was developed with the optimum number of components equal to that yielding the highest r cv 2 . 3.2. CoMSIA. Three physicochemical properties, steric, electrostatic, and hydrophobic fields, have been evaluated. The steric contribution was reflected by the third power of the atomic radii of the atoms. Electrostatic properties were introduced as atomic charges that resulted from molecular docking. An atom-based hydrophobicity was assigned according to the parametrization developed by Viswanadhan et al. 34 The lattice dimensions were selected with a sufficiently large margin (>4 Å) to enclose all aligned molecules. Any singularities were avoided at atomic positions in CoMSIA fields because a Gaussian type distance dependence of the physicochemical properties was adopted; thus, no arbitrary cutoffs were required. In general, similarity indices (A F,K ) between the compounds of interest and a probe atom placed at the intersections of the lattice could be calculated with eq 1 where q represents a grid point; i is the summation index over all atoms of the molecule j under computation; w ik is the actual value of the physicochemical property k of atom i; and w prob,k is the value of the probe atom. In the present study, similarity indices were computed using a probe atom (w prob,k ) with a charge of +1, a radius of 1 Å, a hydrophobicity of +1, and an attenuation factor R 0.3 for the Gaussian type distance. The statistical evaluation for the CoMSIA analyses was performed in the same way as described in CoMFA.
HQSAR.
The construction of a molecular hologram containing the HQSAR descriptors was completed as following this procedure: at first, the molecule was hashed to a molecular fingerprint that encoded the frequency of occurrence of various molecular fragment types using a predefined set of rules. Then, the molecular fingerprint was cut into strings at a fixed interval as specified by a hologram length (HL) parameter, and at last, all of the generated strings were hashed into a fixed length array. The Sybyl line notation for each string was mapped to a unique integer in the range of 0-2 31 using a cyclic redundancy check algorithm. The numerical representation of molecules was exploited by a subsequent correlation analysis; typically, a PLS QSAR model was constructed. The optimal HQSAR model was constructed by screening the 12 default HL values, which were a set of prime numbers ranging from 53 to 401.
Results and Discussion
1. Interacting Mode with HIVPR. 1.1. Inhibitor's Conformation. Figure 1 illustrates the probable binding conformations for the 27 AHPBAs extracted from AHPBA-HIVPR complexes. Figure 2A shows the 3D model of the AHPBAs-HIVPR complex, and Figure 2B is the conformational comparison for the most potent inhibitors, compound 12 (Table 1 ) and compound kni272. 28 The main conformational difference between the AHPBAs and the kni272 could be represented as the three torsion angles (τ 1 , τ 2 , and τ 3 in Formula 1) and the root mean square deviation (RMSD) values based on the parts of similar structure including the Ar 2 group. These data are summarized in Table 2 and shown in Figure 2C . Figure 3 generally represents the interacting mode of AHPBAs with HIVPR. Just like the inhibitor kni272 28 and most of the other transition state mimic inhibitors cocrystallized with HIVPR, 35, 36 AHPBAs locate in the center of the typical binding pocket of HIVPR and share some common binding features for each other. All of the AHPBAs are bound in the active site of HIVPR in an extended conformation (Figures 1 and 2A) , and the binding conformations of AHPBAs could be aligned quite well overall. Following a similar binding pattern with compound kni272, 28 the Ar 2 group (Table 1) of all of the 27 AHPBAs is situated at the S 1 subsite of the binding pocket, and the Ar1-CONH group occupies the S 2 subsite. Meanwhile, the NH-tertiary butyl group interacts with the S 2 ′ subsite, and the proline-CO part is in match with the S 1 ′ subsite.
Subsite Interactions.
The open mouth of the small hydrophobic pocket formed by residues Leu23′, Gly48, Gly49, Ile50, Pro81′, Val82′, and Ile84′ of HIVPR is directly toward the Ar 2 group and wraps the most part of the latter (Figure 3 ). They interact with each other tightly through hydrophobic interaction. The outside edge of the Ar 2 group is almost blocked off by the hydrogen network formed between Arg8′ and Asp29. Interestingly, the two terminal methyl groups of the side it is drawn by LIGPLOT. 40 chains of residues Val82′ and Ile84′, respectively, interact with the two aromatic rings of the Ar 2 group of compound 20 or the benzyl ring of the other inhibitors through nonpolar alkane-π interaction 37 ( Figure 3 ). This kind of alkane-π interaction has not yet been appreciated in inhibitor-enzyme binding. To estimate the strength of the alkane-π interaction, we performed a theoretical calculation employing the ab initio quantum chemistry methods of Möler-Plesset second-order correlation method (MP2) 38 at the 6-31G* basis set level, taking methane-benzene as model systems. The distance between the methyl carbon and the center of benzene is 3.7 Å, which is in agreement with the distances of the two methyl carbons to the centers of the two rings of Ar 2 ( Figure 3) . The binding energy of MP2/6-31G* between methyl and benzene is -1.3 kcal/ mol. This indicates that the alkane-π interaction contributes about 2.6 kcal/mol energy for compound 20-HIVPR binding, or at least 1.3 kcal/mol energy for the other compounds-HIVPR binding, and points out the importance of the aromaticity of Ar 2 .
The Ar 1 -CONH group binds with the side chains of residues Ala28, Asp29, Asp30, Val32, Ile47, Gly48, and Ile84 of HIVPR through not only hydrophobic interaction but also electrostatic interaction to some extent. The carbonyl group (>CdO) of residue Gly48 is in a position almost perpendicular to the plane of the aromatic ring of the Ar 1 group. The distance from the carbonyl oxygen of Gly48 to the center of the aromatic ring of the Ar 1 group is 3.51 Å. So, the residue Gly48 may be one of the important factors determining the 3D positioning of the Ar 1 group in the binding pocket.
The NH-tertiary butyl group at the other end of the AHPBA molecules is surrounded by residues Gly27′, Ala28′, Asp29′, Ile47′, Gly48′, Gly49′, and Ile50 of HIVPR. Although the hydrophobic space is not fully occupied by the tertiary butyl group, they are in good geometrical match through the side chains of Ala28′ and Ile50. The proline-CO group of AHPBAs situates in a small hydrophobic pocket of the subsite S 1 ′ and interacts with the side chains of residues Leu23, Val82, and Ile84 of HIVPR; the chloride points directly to the gap between Leu23, Val82, and Ile84.
1.3. Hydrogen-Bonding Interactions. Another important characteristic of the interaction between AHPBAs and HIVPR is the hydrogen bonding (Figure 3 ). There are several hydrogen bonds formed between the AHPBAs and the side chains of some residues in HIVPR. The hydroxyl group at position 4 of AHPBAs (Table 1) could form hydrogen bonds with O δ1 and O δ2 atoms of Asp25 or O δ2 of Asp25′, and the >CdO group at position 5 (Table 1) forms a hydrogen bond with the protonated O δ1 of Asp25′. This network of hydrogen bonds in the catalytic site of HIVPR must play a vital role in determining the level of binding affinities for AHPBAs with HIVPR, and this may be the important reason why the AHPBAs could inhibit the HIVPR much more potently. The oxygen atom of the hydroxyl group at Ar 1 might be an acceptor to form a hydrogen bond with the -NH group at the backbone of residue Asp29 on one hand; the hydrogen atom of the hydroxyl group at Ar 1 hydrogen bonds with O δ1 of the same residue on the other hand. These hydrogen bonds greatly strengthen the interaction of the aromatic ring Ar 1 with the surrounding hydrophobic field produced by side chains of residues Ala28, Val32, Ile47, and Ile84 in HIVPR. Interestingly, the -NH group at position 9 of AHPBAs also forms a hydrogen bond with the >CdO group of residue Gly48′ in HIVPR. This hydrogen bonding intensely determines the 3D space position of the tertiary butyl group in the binding pocket and stabilizes the hydrophobic interaction of the tertiary butyl group with the side chains of residues Ala28′, Ile47′, and Ile50 in HIVPR.
On further inspection of the AHPBA-HIVPR complex model, the >CdO groups at positions 1 and 8 of AHPBAs are located adjacent to the -NH groups of Ile50/Ile50′. The distances between them are within 4 Å, and the conformation of this part in the complex is symmetric to some extent. There may be a hydrogen bond network formed between the >CdO groups at positions 1 and 8 of AHPBAs and the -NH groups of Ile50/Ile50′ through a water molecule if the complex is crystallized. This is just like the hydrogen bonding tetrahedral network and a water molecule named as Wat301 found in the kni272-HIVPR 28 and other inhibitor-HIVPR crystal structures. 41, 42 As a whole, the AHPBAs interact with HIVPR through a hydrophobic, hydrogen bonding interaction and a local, weak electrostatic interaction. The hydroxyl group at position 4 of AHPBAs is located at the center of the electrostatic field produced by the negatively charged side chains of an active catalytic triad of HIVPR. The binding of the AHPBAs may introduce significant influence on the conformation of those regions that define the binding site of HIVPR, and the different ionization states of the catalytic aspartyl groups of Asp25 and Asp25′. The presence of the inhibitor makes the dimeric structure of HIVPR stabilized, especially the flap region that becomes conformationally closed. 43, 44 2. Correlation between Binding Free Energy and Inhibitory Activity. Table 3 lists the predicted binding free energy of AHPBAs with HIVPR. Satisfied that the 3D structures of the AHPBA-HIVPR complexes were practically reasonable, the multiple regression analysis 45 was performed to explore whether the inhibitory potencies of AHPBAs could be correlated with the energetic information. The regression equation was obtained for the inhibitory potencies, -logIC 50 s, using the total binding free energies, ∆G, as the sole descriptor variable. A good correlation was found between the inhibitory potencies and the predicted binding free energies (eq 2), and this relationship is also graphically shown in Figure 4 .
It is obvious that there would be nearly 1.4 kcal/mol difference in binding free energy if there is one order numerical difference in the inhibitory potency (IC 50 ). As listed in Table 4 , the decreasing amount in binding free energy caused by substitution from the meta to para position relative to the hydroxyl group at Ar 1 is greater than that of substitution from the meta to ortho position. The methyl substitution at the meta position of the Ar 2 group may increase the binding affinity as compared with that at the para position as judged from the amount of binding free energy, which is in agreement with the data of the inhibitory potency ( Table 4) .
The above relationship together with the interacting mode of AHPBAs with HIVPR can enhance and complement the comprehension for the binding-inhibitory potency relations deduced from experimental data. 10, [46] [47] [48] [49] The structure-based thermodynamic analyses, using the isothermal titration calorimetry and other biological assays, 10, [47] [48] had demonstrated the linkage between the binding energetics of inhibitors and the structural stability of HIVPR. The dissection of the thermodynamic forces 49 indicated that the high binding affinity of an inhibitor with HIVPR came from the favorable binding free energy. The structural and energetic explanation herein is consistent with the viewpoints from these experimental results. The values of the predicted binding free energies for AHPBAs (Table 3 and Figure 4) are at the same level with the experimental data. [47] [48] [49] Beyond the experimental studies, it is clearly illustrated for the positional contribution of the substitution groups to the binding of AHPBAs with HIVPR and the resulting inhibitory potency against HIVPR.
The sophisticated method for the calculation of binding free energy is the free energy perturbation (FEP) approach. 50, 51 However, the FEP approach is timeconsuming; thus, it cannot be extended to predict the binding affinities for a large set of molecules. Dominy et al. 11 developed an empirical protocol for binding free energy prediction based on the generation of proteinligand complex ensembles and applied this method in protein-ligand binding simulation of the HIV/FIV protease system. As compared with the FEP approach, 50, 51 this empirical method saves a lot of computational expense. It is still time-consuming if one uses this method in predicting the binding affinities of a series of molecules, for each ligand has to be docked into the conformational ensembles derived from an amount of X-ray crystal structures of the protein-ligand complex or from the molecular dynamics simulations. Automated molecular docking can identify the binding conformation and predict the binding affinity very quickly; therefore, it can be applied in constructing the prediction model for a series of molecules in a tolerable time, as indicated above that the inhibitory potency correlates well with the AutoDock predicted binding free energy (eq 2 and Figure 4 ). This relationship suggests that those potential HIVPR inhibitors exhibiting stronger binding free energies using this paradigm would therefore be expected to have greater efficacy toward inhibitory action.
3. 3D-QSAR Models. 3.1. CoMFA. Although CoMFA is not able to appropriately describe all of the binding force, being based principally on standard steric and electrostatic molecular fields to model substrateenzyme interactions, it is still a widely used tool for the study of QSAR at the 3D level. The major objective of CoMFA analysis about AHPBAs is to find the best predictive model within the system. PLS analysis results based on a least-squares fit are listed in Table  4 , which shows that all of the statistical indexes are reasonably high. Table 5 is compiled with the predicted activities of these 27 AHPBAs by the 3D-QSAR model vs their experimental inhibitory potencies (-logIC 50 s). As listed in Table 4 , for a CoMFA model with a r cv 2 value of 0.613 for five components, a conventional r 2 of 0.978 is obtained based on the binding conformations and their alignment in the active site of HIVPR. The linear relationship shown in Figure 5 indicates that the fitting power is rational potent and the predictive ability is satisfactory.
3.2. CoMSIA. CoMSIA analysis results are also summarized in Table 4 . A CoMSIA model with an r cross 2 value of 0.530 for six components and a conventional r 2 of 0.970 is obtained. These data demonstrate that the CoMSIA model is also fairly predictive, and the predicted inhibitory potencies of AHPBA are listed in Table  5 and also shown in Figure 5 . The highly conventional 
r 2 results relating to five different descriptor variables (steric, electrostatic, hydrophobic, and hydrogen bond donor and acceptor) (Table 4) illustrate that these variables are necessary not only to fully describe the field properties around the AHPBA molecules but also to fully describe the interaction mode of AHPBAs with HIVPR. Table 4 also shows a summary of the HQSAR calculation results. These data show that the least standard error occurs at a cross-validated r 2 (q 2 ) of 0.717 with five optimal components. The hologram that gives the lowest standard error has a length of 307. The PLS analysis yields a conventional r 2 of 0.950 for the studied compounds. The predicted inhibitory potencies of AHPBAs against HIVPR are also listed in Table  5 , and their correlation is shown in Figure 5 . It is important to have a QSAR technique that offers not only a consistent and reproducible prediction but also a fast and convenient procedure. The HQSAR model in the study appears well-suited for such application.
HQSAR.

Testing of 3D-QSAR Models.
To test the stability and predictive ability of the 3D-QSAR results of AHPBAs, nine analogous compounds [14] [15] [16] [17] together with compound kni272, 28 which was not included in the construction of CoMFA, CoMSIA, and HQSAR models, were selected as a set of testing for validation. The results are simultaneously shown in Table 5 (starlabeled compound numbers) and Figure 5 (in triangle and square pattern-labeled symbols), and the predicted -logIC 50 values are in good agreement with the experimental data in a statistically tolerable error range. To investigate structural differences of binding mode between the testing set of compounds and the training set, automated molecular docking was performed for the testing set using the same method as that of the training set. The geometrical parameters and the predicted , and HQSAR (C) models and the experimental inhibitory potencies (-logIC50) (b, compounds of the training set; 2, compounds of the testing set; 9, kni272). 28, 46 binding free energies for these compounds were also compiled in Tables 2 and 3 and graphically shown in Figures 2C and 4 , respectively. As listed in Table 2 and shown in Figure 2C , the three torsion angles and the conformational RMSD values as compared with kni272 28 are in the same levels as that of the training set. The torsion angle τ 3 for compounds 1*-3*, which indicates the relative position of the aromatic ring in the Ar 1 group and the adjacent carbonyl amide backbone, is almost 30 degrees less than that of all others. This means that the energy consumed for the conformational change from the coplanar to out-of-planar state (binding conformation) of these three compounds is much less than that of the 3-OH's of the Ar 1 compound. In other words, the binding energies for compounds 1*-3* must be much lower. Inspecting the feature of the binding conformation of compounds 1*-3*, one intramolecular hydrogen bond is formed between the -OH or the -NH 2 of the Ar 1 group and the oxygen atom of the adjacent amide carbonyl group. Meanwhile, the typical hydrogen bond between the -OH of the Ar 1 group of AHPBAs and the O δ1 of the Asp29 of HIVPR could not be formed. This may be the structural and energetic source for the great decrease of binding affinities and therefore the lower inhibitory potencies for compounds 1*-3*. The much higher level of predicted binding free energies shown in Table 3 and Figure 4 is the direct reflection and testimony of the difference in the binding mode for compounds 1*-3* as compared with other inhibitors.
4. CoMFA Contour Map and Comparison with HIVPR Topology. The 3D "contour plots" produced by CoMFA are shown in Figure 6 . Colored polyhedras in the map show these areas in 3D space where changes in the field values for AHPBAs correlate strongly with concomitant changes in inhibitory potencies. Detrimental and beneficial steric interactions are respectively displayed in yellow and green contours, while blue and red contours illustrate the regions of desirable positive and negative electrostatic interactions. Some large regions of green contour around the outside edge of the Ar 2 group suggest that more bulky substituents in these positions will significantly improve the inhibitory potencies. The yellow polyhedral near the inside edge of the para position of the above aromatic ring indicates that more steric bulk is unfavorable for the inhibitory potencies. The blue contours near the Ar 1 and Ar 2 group suggest that positively charged substituents might increase the biological activity. The small red polyhedral around the Ar 2 group indicates that high electron density might play a favorable role in inhibitory potencies.
Combining the CoMFA contour map with the topology of the HIVPR 3D structural binding site for AHPBAs, several insights into the binding of AHPBAs with HIVPR, which is described in the "interacting mode" section, can also readily be observed from the CoMFA map. The field property not only coincides well with the environmental characteristics of the binding pocket but also indicates that some further structural modification of AHPBAs could be found. Most of the amino acids around the AHPBAs in the binding pocket are hydrophobic in nature ( Figure 6 ); this is consistent with the CoMFA results about the relative field attribute. The colored polyhedras of CoMFA located in the cavity of the binding pocket are a direct index for the kinds and magnitudes of the substituents selection in the process of AHPBA analogues synthesis.
Furthermore, some SARs of AHPBAs could highlight the consistency between the 3D-QSAR results and the complementary features of AHPBAs with the binding site of HIVPR. Introducing a hydrophobic substituent to the meta position of the hydroxyl group at Ar 1 significantly increases the binding affinity of AHPBAs with HIVPR. 17 The green polyhedral around the hydroxyl group of Ar 1 coincides with the hydrophobic pocket enwrapping the Ar 1 group. The meta substituent could be enlarged to some extent in order to intensify the interaction between this part of Ar 1 and the side chains of residues Val32, Ile47, and Ile84 of HIVPR. This may be the reason why the inhibitory activities of compounds 2, 3, 6, 7, 12, 18, 20, and 22 are higher than other compounds that do not contain such substituents. The meta substitution of a methyl group instead of fluorine at Ar 1 is more suitable because of the more hydrophobic than electrostatic interaction requirement of this subsite; thus, the inhibitory potencies of compounds have the order of 2 > 3 and 6 > 7. The methyl group at the ortho position of -OH in Ar 1 (Table 1) interacts with the aromatic ring of Ar 2 in a mode of alkane-π interaction 37 (Figures 1, 3, and 6 ). This kind of intramolecular interaction takes a symmetrical 3D position with the alkane-π interaction between the aromatic ring of Ar 2 and the side chains of Val82′ and Ile84′ in HIVPR (Figure 3 ). These alkane-π interactions make the molecular energy of AHPBA lower, and it is beneficial to the AHPBA-HIVPR complex formation.
As one can see from Figure 6 , the local hydrophobic pocket at the S 1 subsite is large enough to enwrap a relatively large volume group. The more bulky aromatic substitution could interact better with the side chains of residues Leu23′, Ile50, Pro81′, Val82′, and Ile84′ of HIVPR and therefore increase the inhibitory potencies of AHPBAs. The two large green polyhedras situated around the Ar 2 group could demonstrate this point of view, and the meta and/or para substitutions are the best choice to intensify this local hydrophobic interaction. Therefore, it is natural that the inhibitory activities of the compounds in Table 1 have the order 19 > 1, 20 > 2, 22 > 7, 11 > 9, 12 > 6, and 14 > 16.
Conclusion
We have obtained not only the probable binding conformations but also the reasonable prediction of binding free energies of AHPBAs with HIVPR employing the LGA algorithm of the AutoDock 3.0 program. 30 Modeling results indicate that the binding free energies of AHPBAs calculated by this method correlate very well with the reported inhibitory potencies against HIVPR [14] [15] [16] [17] and provide a structural and energetic explanation for the differences in the binding affinities of AHPBAs with HIVPR. On the basis of the binding conformations of AHPBAs, we have developed stable and predictive 3D-QSAR models with acceptable r cross 2 values by undertaking CoMFA, CoMSIA, and HQSAR techniques, and these models could be mapped back to the structural topology of the active site in HIVPR. This leads to a better understanding of important AHPBA-HIVPR interactions and thus provides guidelines for the structural modifications of the inhibitors and a predictive model for scoring novel synthetic candidates.
Typically, structure-based design is focused on the elucidation of enzyme-substrate interactions but does not always lead to predictive models. On the other hand, 3D-QSAR models do not necessarily reflect topological features of the protein structure. These models are generally constructed using alignment rules, which are not always consistent with the characteristics of the binding conformations. In this study, we successfully combined these two approaches. The 3D-QSAR results allow focus on those regions, where electrostatic, steric, or hydrophobic effects have a dominant role in AHPBA-HIVPR interactions. The predictive ability testing for the models has validated their robustness, so the application of these models for quantitative prediction of inhibitory potencies against HIVPR is possible within a structurally limited range. Hence, for new candidates as potential HIVPR inhibitors, reliable inhibitory activities can be computed by "interpolation", and less reliable IC 50 's by "extrapolation" might be obtained for candidates with lower structural similarity to the training set molecules.
